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The Meteorological Sounding Rocket Program at Goddard Space Flight Center has conducted
in situ measurements of the meteorological parameters of the atmosphere since 1960 in a systematic
effort intended to define and better understand the physics and meteorology of the atmosphere in the
altitude region between approximately 35 and 100 km. The atmosphere above 50 km is relatively in-
accessible except to high performance sounding rockets, and their rapid passage through the region of
interest requires such sophisticated sensing methods as the acoustic grenade and pitot probe techniques,
rather than immersion thermometry to measure ambient temperature, for example. Since these tech-
niques involve more complex experimental hardware and data processing to obtain results, the number
of soundings that can be conducted is limited by economic considerations. Thus, the mean profiles
and analyses included in this report are based upon 227 soundings, a relatively small sample compared
to the data available at lower levels. Nevertheless, the soundings compiled here represent the largest
body of data for which the techniques, quality control, and data processing have been consistent ove.r
a 10 year period of time.
The standard atmosphere models, such as the "COSPAR International Reference Atmosphere"*
(Reference 1), the "U.S. Standard Atmosphere, 1962" (Reference 2), and the "U.S. Standard Atmos-
phere Supplements, 1966" (Reference 3), are based on the observations which were available prior to
1966. Additional data are now available, and the existing techniques for observing the meteorological
structure of the mesosphere have been improved upon, revealing some differences with and filling some
voids in these model atmospheres. All model atmospheres have minute detail removed from their
structure, but oversimplification by smoothing can also compromise the usefulness of the model.
Hopefully, the compilation of statistical means produces realistic values of the atmospheric parameters,
provided the sample is a representative one. The purpose of this report is to compile a climatology of
observed values of temperature, pressure, density, and wind at various sites during all seasons which
will update and supplement the standard models to provide realistic inputs for computations involving
neutral and ion composition, energy deposition and propagation, transport processes, and design con-
siderations for spacecraft reentry.
SOUNDINGS
As mentioned in the foregoing section, two methods were employed to obtain the data: the
acoustic grenade technique (Reference 4) was used to measure profiles of temperature and horizontal
wind, which permitted the derivation of pressure and density profiles, and the pitot probe technique
(Reference 5) was used to measure profiles of density, which permitted the derivation of temperature
and pressure profiles. Of the 227 soundings included in this report, 207 were grenade soundings, and
the remainder were pitot soundings. Complete tabulations of the individual soundings are published in
References 6, 7, 8, 9, 10, 11, and 12.
The acoustic grenade technique averages inherently the temperature and wind over layers between
adjacent grenade explosions which are typically 2 to 4 km in thickness. The pitot probe technique,
however, produces density profiles which have a vertical resolution of 0.5 km. The technical details of
these techniques and the errors associated with them are published in the references already cited and
will not be repeated here.
The mean profiles given here include soundings carried out from five sites which covered a wide
range of geographical latitudes during all seasons. The launch sites included Natal, Brazil (6° S), and
Ascension Island (8° S), which were combined to represent a tropical regime; Wallops Island, Virginia,
United States (38° N), representing a temperate regime; Churchill, Manitoba, Canada (59° N), repre-
senting a subarctic regime; and Point Barrow, Alaska, United States (71° N), representing an arctic
regime. The soundings were fairly well distributed throughout the year, as well as the diurnal cycle,
as shown by the distributions given in Figures l(a) and l(b). Ideally, these distributions would be uni-
form, but the soundings were conducted over the years to satisfy various objectives, with climatological
ones low in priority.
No attempt has been made to remove the tidal components from the data because of the uncer-
tainties involved in the theory. Variations produced by relatively short term phenomena ranging from
gravity waves to synoptic scale eddies tend to be removed by the averaging process when monthly and
seasonal means are computed. Gravity wave and tidal phenomena are believed to be responsible for
very large amplitude fluctuations observed in the structure of the upper atmosphere in certain cases;
however, the averaging procedure appears to remove these short term changes from the mean profiles
effectively. This is indicated by the coherent geostrophic analyses which result from the mean wind
and pressure values at all but the highest altitudes. Were the short term fluctuations not removed,


























































































































































PRESENTATION OF THE DATA
The relatively small number of soundings available has made it necessary to combine the monthly
data into seasonal means. Therefore, those soundings conducted in December, January, and February
were averaged to produce a mean winter model; those soundings conducted in June, July, and August
were averaged to produce a mean summer model; and those conducted in March, April, May, Septem-
ber, October, and November were averaged to produce a mean spring/fall, or transition, model for the
sites Wallops Island, Churchill, and Barrow. Since only a very small seasonal dependence was detected
in the Natal-Ascension soundings, the data for all months were averaged together to produce a mean
annual model. The numbers of soundings and the months included in each model are listed in Table 1.
The annual and seasonal mean profiles are tabulated in Appendixes A and B. Tables A. 1 through A.4
present the temperature, pressure, and density data as compared with values from "U.S. Standard
Atmosphere, 1962", and Tables B.I through B.4 present the same results compared with values from
the "U.S. Standard Atmosphere Supplements, 1966".
The models consist of tabulations of mean temperature, mean pressure, and mean density at 1 km
intervals along with the standard deviations of these mean values and their percent difference from
values in "U.S. Standard Atmosphere, 1962". The number of observations included at each level is
tabulated at the right. This number refers to the number of times that the parameters were observed
(or derived from an observation) at that altitude.
Rather than interpolating values at 1 km altitude intervals as was done for the thermodynamic struc-
ture, the winds were taken from the grenade soundings at their observed altitudes and grouped into layers
5 km thick. All the wind observations within each layer were averaged with equal weight to produce the
mean and the standard deviation for that layer. The mean for each layer is listed by the altitude of the lowei
boundary of the layer for convenience. For example, the mean listed at 40 km is actually the mean
for the 40 to 45 km layer. In the curves of the mean wind profiles, the averages for the layers are plot-
ted at the center of the layer (i.e., the mean value for the 40 to 45 km layer is plotted at 42.5 km).
Table 1 —Number of soundings included in each mean atmosphere model.
Site





























The most recent grenade soundings include error analyses for temperature or both temperature
and wind (soundings conducted between 1964 and 1967 were analyzed for temperature error only,
and the 1968 through 1969 soundings were analyzed for both temperature and wind errors). In order
to give the reader an estimate of the total uncertainty in the data, these errors were averaged and
standard deviations from those average values computed. For simplicity, the errors were tabulated in
the same fashion as the winds. No errors were computed for pressure and density as these are not only
a function of the errors in the temperature profiles (for the grenade technique) but also depend upon
the errors contained in the initial pressure reference points which are obtained from balloonsondes.
In Reference 13, some of the same data (1960 to 1968) have been compared with values from
"U.S. Standard Atmosphere Supplements, 1966", demonstrating that some substantial differences
exist between the statistical mean of the observations and the values from their corresponding latitude
and season standard models. Of course, the argument can be made that the observations are valid for
only one station, while the standard model is an attempt to give a representative value for a given lati-
tude (i.e., all longitudes). However, the standard models relied heavily upon earlier observations even
though they were more sparse than the data reported here, and as will be shown later, conditions at
one latitude vary greatly with longitude.
The resulting statistical models, presented both graphically and in tabular form, are given in
Figures 2 through 5 and the corresponding Tables A. 1 through A.4 and B. 1 through B.4. These values
are the results of arithmetically averaging all of the included data, and no interpretation of the individ-
ual mean profiles is given, other than to note that the atmosphere varies greatly with both season and
geographical location.
ANALYSIS OF RESULTS
The remainder of this report is concerned with the analysis of the mean profiles. Time and merid-
ional cross sections of mean temperature, pressure, density, and wind, as well as mean seasonal synoptic
maps at 60, 70, and 80 km, have been presented (see Reference 14). As might be expected, these anal-
yses lack detail due to the sparse data available and the smoothing which is inherent in compiling
mean values. Nevertheless, the cross sections and maps are useful in describing the gross characteristics
of the thermodynamic structure and general circulation of the atmosphere between about 40 and 100
km altitude, primarily over the North American continent.
In Figures 6(a) through 6(d), the mean monthly temperature profiles for each site were analyzed
as a function of time. Figure 6(a), which shows the mean temperature cross section for Natal, is
characterized by its uniformity below 75 km. There is an insignificant annual variation in the strato-
pause temperature; the total change is less than 10 K throughout the year. The warmest tempera-
tures at the stratopause occur in the February through April period. The lapse rates in the mesosphere
do not vary significantly with time below 70 km. The upper mesosphere and lower thermosphere
monthly means are subject to 10 to 20 K changes during the course of the year, probably more as a re-
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Figure 6(b), which shows the mean temperature cross section for Wallops Island, indicates a defi-
nite annual effect in the temperature structure. The maximum stratopause temperature occurs in the
April through June period (late spring to early summer), and the lapse rates in the mesosphere vary
considerably from January (1.4 K-krn"1) to July (2.5 K-knT1). Also, there is a pronounced annual
effect in the upper mesosphere, where the mesopause in summer is some 40 K colder than it is in win-
ter. The strong temporal temperature changes, especially in the 70 to 80 km region in winter, are in-
dicative of the seasonal effect that is observed over Wallops Island, which is absent from the low lati-
tude results.
The mean temperature cross section for Churchill, shown in Figure 6(c), contains the same pattern!
that were present in the Wallops structure, but here, they are more pronounced. The mean monthly
stratopause temperature varies by more than 30 K with season and reaches its warmest value in early
summer. The mesopause temperature has a mean value of approximately 140 K in June through July,
considerably colder than any temperatures found at lower latitudes. The annual temperature variation
at the 90 km level is more than twice that observed at the stratopause, ranging from a minimum of
140 K in summer to 220 K in winter. Note that the average mesopause occurs at an altitude of almost
90 km in summer but is poorly defined in winter. The very strong changes in monthly mean tempera-
tures at 80 km from spring to late summer occur at a time when the individual profiles are least vari-
able, resulting from a rapid but orderly transition from the disturbed thermal structure of winter.
In the mean cross section for Barrow, given in Figure 6(d), the latitudinal trend mentioned earlier
continues. The Barrow mean summer stratopause temperature is the warmest of all the sites, with a
value of 280 K, whereas the mean winter stratopause is some 40 K colder. Note in Figures 6(a)
through 6(d) that the time when the stratopause is warmest occurs later in the year with increasing
latitude. The coldest temperatures observed in the earth's atmosphere are found at the summer meso-
pause, where a mean value of 130 K occurs in June. In contrast, the mean winter mesosphere above
Barrow approaches an isothermal value near 235 K in January. The annual temperature variation at
85 km ranges from 130 K in summer to 230 K in winter, which makes it the largest seasonally induced
change in the mixed region of the atmosphere (surface to 105 km). These mean profiles should be
used only with due consideration of their standard deviations. For example, the summer mean profile
is quite representative of its individual constituent profiles, while the winter mean is not representative
of the atmosphere at any one given time due to the highly variable nature of the mesosphere in winter.
With the compilation of the seasonal mean profiles listed in Table 1, it is possible to produce
quasi-meridional cross sections along a diagonal path traced across the North American continent from
Barrow southeastward through Churchill and Wallops Island and across the western Atlantic Ocean to
Natal, as shown in Figure 7(a). The resulting temperature cross section, given in Figure 7(b), forms an
organized pattern dominated by the warm stratopause and cold mesopause of the high latitudes in sum-
mer and the almost isothermal structure of the high latitudes in winter. These features are, in general
terms, similar to the earlier models of Murgatroyd (Reference 15) except that the high latitude sum-
mer stratopause and mesopause are colder than in Murgatroyd's model. Figure 7(b) is also similar to
the cross section given in the "U.S. Standard Atmosphere Supplements, 1966" (Reference 3), except
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The combination of the mean seasonal pressure profiles into the same quasi-meridional cross sec-
tion described above results in Figure 7(c). Here, the values are analyzed in percent difference from
the "U.S. Standard Atmosphere, 1962" (Reference 2) reference profile for convenience. Note that
the zero percent difference line (i.e., exact agreement with the standard model) is most nearly approxi-
mated by a low latitude pressure profile in winter, while a well developed low pressure region dominates
the winter mesosphere and a high pressure region dominates the summer mesosphere. These differ-
ences, of course, drive the mean circulation in the mesosphere and are consistent with the observed
winds, as will be shown later. The low pressure (cyclonic) region in the winter mesosphere underlies a
high pressure (anticyclonic) region, and the high pressure region in the summer mesosphere underlies a
low pressure region. This vertical alternation of pressure systems closely resembles the patterns ob-
served in the troposphere, but the vertical scale sizes are much larger in the upper atmosphere. The
relative sizes of the cyclonic and anticyclonic regions in the mesosphere probably result from the loca-
tions of the sampling sites with regard to the pressure systems rather than to the actual size of the
systems. In other words, longitudinal variability is very important but cannot be evaluated from these
data. The areas with the tightest horizontal pressure gradients, near 60 km at 45° N latitude in winter,
for example, are the regions where the most intense zonal winds occur. This is again internally con-
sistent with the observed winds.
Figure 7(d) is a quasi-meridional cross section of the mean density. Isopleths are drawn in percent
difference from the standard density profile of Reference 2. The variation of density with season and
latitude resembles the pressure pattern in Figure 7(c), with low densities over the winter pole and high
densities over the summer pole at 80 km. The total annual change in density is approximately 70 per-
cent at 75 km over Barrow (71° N), and obviously should be taken into account in any calculations
involving the density in the mesosphere.
The large scale circulation of the mesosphere has not been well documented since relatively few
observations of both wind and pressure (derived from temperature in most cases) have been made above
60 km. The circulation analyses presented here are based on the monthly and seasonal mean values
from only four sites, and while they are useful to give only a gross picture of the upper stratosphere-
mesosphere circulation over North America, they provide a considerable improvement in the circula-
tion estimates based only on one or perhaps two stations.
Figures 8(a) through 8(h) present the time cross sections of zonal and meridional components
deduced from the monthly mean winds at each of the four sites considered. The time cross section of
mean zonal winds above Natal is given in Figure 8(a). The winds in the 35 to 70 km region are primar-
ily westerly during the months of March through October, with a strong easterly jet of over 60 m-s-1
at 45 km during December through February. A strong westerly core exceeding 60 m-s~1 near 60 km
occurs in February. While the westerly circulation dominates the upper stratosphere and lower meso-
sphere, the intensity of the flow is relatively weak, i.e., less than 40 m-s"1. A distinct annual pattern
is evident at all levels, but the pattern is not precisely defined due to sparse data coverage. Evidence
of the quasi-biennial oscillation, if present, is probably masked because of the manner in which the
data were averaged. The significance of this representation of the circulation is therefore reduced at
altitudes where the quasi-biennial oscillation is important. The mean meridional components of the
































































































































component of over 20 m-s 1 in February at the stratopause and a reversal in the winds approximately
every 3 months above 80 km. The remainder of the meridional circulation is weak, and its significance
is not clear.
Figure 8(c), which gives the mean zonal winds above Wallops Island, shows the distinct annual
variation in the circulation. Strong westerly winds with peak speeds exceeding 90 m-s'1 dominate the en-
tire mesosphere during January when the flow is most intense. The westerlies gradually diminish dur-
ing late winter so that by early spring, the flow direction reverses at upper levels first. The change to
easterly flow is complete by late May. The easterly circulation develops to a maximum of over 60
m-s~1 in June and July, then weakens until by September, westerly flow is reestablished.
The mean meridional winds over Wallops Island, shown in Figure 8(d), do not exhibit a strong
seasonal pattern. In broad terms, they are predominately southerly during the winter months and gen-
erally northerly from March to October. Two intense northerly cores of over 40 m-s"1 exist at the 85
to 90 km level in July and December, but elsewhere, the meridional wind speeds are light.
The zonal winds above Churchill, given in Figure 8(e), are characterized by two strong westerly jets
in winter near 55 km, a maximum easterly flow in August at 75 km, and a strong annual cycle in the
direction of the circulation. The westerly jet in March, which exceeds 100 m-s"1 indicates that per-
haps this flow might be in some way associated with the retreating mean position of the polar fronts
in the troposphere and the jet stream at the tropopause. The short duration of the easterly regime is
consistent with the abbreviated summer at these latitudes, and the more chaotic flow pattern in winter
results from the generally disturbed structure of the mesosphere in winter.
Figure 8(f), which shows the mean meridional components of the Churchill circulation, is with-
out a consistent pattern. The dominance of northerly components below 65 km, the strong northerly
core of over 60 m-s"1 which occurs in March at 70 km, and the sharply changing nature of the 85 to
90 km layer in November and December are noteworthy, however.
Figure 8(g) shows the mean zonal winds over Barrow. A seasonal dependence is obvious, al-
though it is not as strong as in the Wallops and Churchill cases. The most prominent features include
a moderate westerly flow in January and October, a moderate easterly circulation centered near 75 km
in July, an abrupt reversal of flow direction in August, and the reappearance of easterly flow at 45 to
65 km in December. The position of Barrow with respect to the pressure systems makes it atypical
of its latitude. The lack of an intense westerly flow in winter can be attributed to the fact that there
are easterly components generated by the Aleutian Anticyclone even in January. These easterlies
dominate the circulation in December in the lower mesosphere and probably contribute to the extended
duration of easterly flow in summer.
The mean meridional winds above Barrow, given in figure 8(h), exhibit a reasonably consistent
pattern with other nontropical sites except that the meridional circulation is very intense. Strong
northerly components of up to 100 m-s"1 dominate the December mesosphere. These northerly com-
ponents also occur in January and February, when their vertical extent includes the entire mesosphere.
A strong southerly flow above 85 km is observed from May until late September. The April to
September period is marked by generally light meridional components, with northerly flow
24
prevailing in June, July, and August. Once again, the position of Barrow on the western edge of the
North American continent, where it lies between the anticyclonic regime over the Gulf of Alaska and
the cyclonic flow over the Arctic, probably accounts for this atypical behavior.
Figures 9(a) through 9(i) present the mean seasonal maps over the North American continent for
the 60, 70, and 80 km levels. These maps are polar stereographic projections with the North Pole
indicated by the X at the top center of each figure. Longitudes radiate from that point, and latitudes
are concentric circles, the center of which is the pole. The maps were analyzed by plotting the mean
wind and mean pressure for the appropriate level for each of the three sites previously mentioned. In
addition, the mean data from the Meteorological Rocket Network (MRN) for January, July, and Octo-
ber were plotted in the winter, summer, and transition maps to aid in the analyses. Isobars were drawn
at convenient intervals, but these intervals are consistent for a given level. (For example, the pressure
gradients on the 70 km winter map can be compared with the pressure gradients on the 70 km summer
map directly.) As the altitude increases, horizontal pressure gradients become weaker, necessitating
the choice of smaller intervals of pressure to describe the flow at higher levels. These analyses are geo-
strophic, which means that the curvature of the isobars, friction, and all short term effects have been
neglected. Most of these analyses have been published in Reference 14 but are included here because
they constitute an integral part of the climatology of the mesosphere. The mean wind and pressure
values given in Figures 2 through 5 were supplemented with data from Reference 16.
Figure 9(a), which gives the mean winter circulation at 60 km, indicates that the flow is domi-
nated by a vortex centered over north central Canada, far from the geographic pole. This circulation
produces strong westerly winds over most of the continent and a predominately northerly component
over Alaska. If the analysis is accurate where broken lines are shown, strong southerly winds occur
over Greenland. The polar asymmetry of the flow, then, provides a ready means for the transport of
atmospheric properties across latitude circles. Note that in north central Canada, where the vortex
center occurs, the pressure increases by a factor of almost two in summer, as shown in Figure 9(b).
The mean summer circulation at 60 km [Figure 9(b)] is dominated by an anticyclone to the
north whose center cannot be determined from the available data. This pattern produces easterly
winds over most of the continent, with the strongest zonal components occurring along the southern
portion of the United States. The pressure gradients are smaller in magnitude in summer than in win-
ter, producing generally lighter winds.
Figure 9(c), which gives the mean transition circulation at 60 km, indicates that a vortex drives
the flow, but it is less intense than in winter. Wind speeds are everywhere lower, and an anticyclonic
flow is indicated at Barrow. The mean pressures at all three stations during the transition months lie
between the extremes of winter and summer.
The mean winter circulation at 70 km, which shows the presence of the vortex seen at lower
levels, is given in Figure 9(d). Most of the discussion which applied at 60 km also applies at this level,
so a detailed description is unnecessary. A significant difference is that the maximum winds observed
at 70 km are not as intense as those observed at 60 km. There appears to be no symmetry over the


































































































































































Figure 9(e) shows that the mean summer circulation at 70 km is dominated by the same anticyclone
observed at 60 km in summer, and, as a result, easterly winds prevail over the entire North American conti-
nent. Again, the center of this high pressure system appears to be located south of the geographic pole.
A weak vortex governs the mean flow at 70 km during the months of transition, as shown in
Figure 9(0- The circulation is predominately westerly, with light wind speeds north of Wallops and
moderate speeds along the southern United States. Pressure values are higher than those observed in
winter but below the summer values, as was the case at 60 km.
Figure 9(g) shows the mean winter circulation at 80 km. This coherent circulation is somewhat
unexpected since the data from individual soundings fluctuate widely. The averaging process appears
to filter out most of the amplitudes which are normally comparable to geostrophic considerations.
The prevailing drift, in this case, the vortex generated westerlies, remains essentially intact. Even in
this so-called mean flow, there is some indication that the effect of large fluctuations are not removed
entirely. The ridging over eastern Alaska, which produces a southerly wind over Barrow, and the di-
vergent flow between Wallops Island and Cape Kennedy are two good examples of such fluctuations.
The mean summer and transition circulations at 80 km, shown in Figures 9(h) and 9(i), represent
vastly different circulations than were seen at lower levels. The high pressure region to the north of
the continent still exists in summer, but ridging appears across the center of the continent in a north-
south direction, producing a seemingly chaotic circulation. Low pressure regions extend onshore from
both the Atlantic and Pacific Oceans, and the flow is generally light (except at Barrow in the summer).
The transition circulation exhibits a mixture of features from the winter and summer regimes. It is
presented only to demonstrate that the simple flow patterns no longer exist. The appearance of these
maps may result from the breakdown of the geostrophic assumption at these altitudes. If tides and/or
gravity waves dominate the flow, then large accelerations occur, and the geostrophic balance no longer
applies. Averaging a sample of this small size may not adequately remove short term influences since
the variability of the individual soundings about the mean is quite large. In any case, Figures 9(h) and
9(i) may not represent true mean circulations. Nevertheless, these analyses are included because they
point out the problems that exist in determining the mean circulation at 80 km and above.
CONCLUSION
The data observed during the years 1960 through 1969 have been compiled into mean profiles of
temperature, pressure, density, and wind for each of several sites representing various latitudes and cli-
matic regimes. Cross sections and maps have been prepared from the mean data in the hope that these
will be of some value to those interested in the mesosphere. While it is recognized that these analyses
contain certain shortcomings, primarily the scarcity of data, they are presented as a first approximation
to the real atmosphere to point out certain unrealistic features of the standard models.
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Appendix A
The annual mean temperature, pressure, and density profiles for Natal-Ascension and seasonal
mean profiles for Wallops Island, Churchill, and Barrow, along with the corresponding wind parameters
and error analyses for temperature and wind, are tabulated in the following tables [comparisons are
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The annual mean temperature, pressure, and density profiles for Natal-Ascension and seasonal
mean profiles for Wallops Island, Churchill, and Barrow, along with the corresponding wind parameters
and error analyses for temperature and wind, are tabulated in the following tables [comparisons are
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